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ABSTRACT 
Synthesis, Characterization and Simulation of Optical and Raman Properties of 
Metal Nanoparticles 
 
by 
 
Sriteja Yamparala 
 
Dr. Biswajit Das, Examination Committee Chair 
Professor of Electrical and Computer Engineering, 
University of Nevada Las Vegas 
Metal nanoparticles are of strong interest for their unusual optical and Raman properties 
with potential for new and improved device applications. Specifically, the significantly 
enhanced Raman Scattering enabled by Surface Plasmon Resonance on metal 
nanoparticles open up the potential for the implementation of very sensitive sensors. It 
has been demonstrated that Surface Plasmon resonance can be used for the detection of a 
single molecule. Out of the various metal nanoparticles that have been investigated, the 
most promising are that made of gold and silver. Metal nananoparticles of gold and silver 
show strong Raman enhancement in the visible spectral region, making them suitable for 
optical sensors. This thesis carries out a comprehensive investigation of the Synthesis, 
Characterization and Simulation of gold and silver nanoparticles with the objective to 
develop an understanding of different process parameters that will impact future device 
design. In this work, gold and silver nanoparticles are fabricated by chemical synthesis 
techniques. These particles are characterized by their optical transmission. Theoretical 
simulations of the nanoparticles are carried out to determine their optical properties that 
are next compared with the experimental data. The impact of the Electric field around the 
nanoparticle for the enhancement of the Raman signal of a particular molecule has also 
been discussed. 
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CHAPTER 1 
INTRODUCTION 
Ever since the discovery of Raman effect by Sir Chandrasekhara Venkata Raman and 
Kariamanickam Srinivasa Krishnan in liquids [61], and by Grigory Landsberg and 
Leonid Mandelstam in crystals [62]; Raman Spectroscopy found many applications such 
as in material analysis, detection of phonons, magnons, electronic excitations, 
combustion diagnosis, Stimulated Raman emissions for manipulating a trapped ion 
energy levels, Raman amplication in optical amplifiers and Raman lidar which is used in 
atmospheric physics. Many processes were developed to enhance the Raman field for its 
useful application like Stimulated Raman, Resonance Raman, and Surface Enhanced 
Raman Scattering (SERS). Ever since the discovery of SERS [63], its field has grown 
dramatically displaying its power in physics, chemistry, material science, life science, 
nano science and bio-medical engineering. Single molecule detection [64] has been a 
revolution which boosted research in this field. Even though the exact reason for this 
enhancement is not explained till now, the main contributor was found to be the Surface 
Plasmon Resonance (SPR). Vibrational spectroscopy gives the advantage of the 
knowledge about the structure of a molecule since each molecule has a distinct vibration. 
Infra Red, Normal Raman, CARS and SERS are a few vibrational spectroscopy. Live cell 
imaging could not be carried out used IR because of the interference of water in these 
particular wavelengths. Imaging of cell components like mitochondria, hemoglobin and 
other structures inside a living cell can be done using the other spectroscopy methods but 
Normal Raman suffers because of the weak Raman signal. Both CARS and SERS 
provide signal amplification but because of the difficulties in the implementation and 
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analysis of CARS; SERS has gained importance. SERS provide signal enhancement 
through the use of noble metal nanostructures which enhance the electromagnetic field in 
their vicinity and hence enhance the Raman signal of the molecule in its close proximity. 
The main disadvantages of SERS are even though if a molecule is far away from the 
surface of the metal nanoparticle it can still contribute for the spectrum and cells which 
contain the same structural information of proteins and others can cause large overlaps in 
the spectra asking for the use of deconvolution techniques. Materials possessing a 
negative real part and small positive imaginary dielectric constant are capable of 
supporting a surface plasmon resonance (SPR). This resonance is a coherent oscillation 
of the surface conduction electrons excited by electromagnetic (EM) radiation. Localized 
Surface Plasmons (LSP) are charged density oscillations confined to metallic nano 
particles and metallic nano structures [65]. Excitation of LSP by an electric field at an 
incident wavelength where resonance occurs results in strong scattering and enhancement 
of local electromagnetic fields.  
 
 
 
Figure 1 Electromagnetic field lines excludes scattering around a metal nanoparticle 
when excited by a wavelength in resonance with surface plasmon (left) and off resonance 
(right) [65] 
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It was a struggle in the early discovery stages of SERS to explain the enhancement of 
Raman signal to 106 fold intensity; it can even go to 109-1014 enhancements for which the 
exact reasons are still not explained opening up its field for research. The frequency and 
intensity of Surface Plasmon absorption bands are characteristic of the type of material, 
size, its distribution, shape and medium surrounding the nanoparticle. These precise 
properties have interested me in studying the optical properties of the gold and silver 
nanoparticles which form the base of application for other nanostructures.   
The study of the optical properties of nanoparticles dates back to 1908, when Gustav 
Mie carried his work on electromagnetic scattering of small particles. The details of Mie 
Theory have been discussed in “Absorption and Scattering of Light by Small Particles 
(Wiley science paperback series) by Craig F. Bohren, Donald R. Huffman” [10]. His 
work was recognized then but people couldn’t understand its application till many years 
later. Mie theory was studied to understand the optical properties of metal nanoparticles 
when irradiated by light which forms the core of SERS. The Raman enhancement of a 
molecule and the enhancement factor dependence parameters have then been studied for 
later modifications and for the inception of applying it in various fields.  
Thesis Outline: 
First chapter gives a brief introduction to vibrational spectroscopy. The second chapter is 
about the Raman effect, ways employed to boost Raman signal, advantages and 
disadvantages, optical properties of nanoparticles, principle of Surface Plasmon 
Resonance and details of Surface Enhanced Raman Spectroscopy and concludes with a 
few of its applications. All the simulations regarding the optical curves of gold and silver 
nanoparticles and calculations of the resonance peak carried out for different nanoparticle 
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size have been presented in chapter three. Comparisons of experimental data with 
simulated results of chapter three have been discussed in chapter four. This thesis has 
then been concluded with chapter five discussing about the conclusions made and future 
work that can be carried out. 
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CHAPTER 2 
RAMAN AND OPTICAL PROPERTIES OF NANOPARTCILES 
2.1 The Raman Effect 
It was in the year of 1921; Prof. C.V. Raman began his experiments on the scattering of 
light by transparent media. It was during these experiments he and his students found a 
secondary type of altered wavelength radiation which persisted even after repeated slow 
distillation in vacuum and chemical purification. This secondary radiation was found to 
be dependent on wavelength of incident radiation and also strongly polarized. Raman 
then realizing that he was dealing with a new phenomenon of light scattering employed a 
mercury arc and a spectrograph to record the spectrum of scattered light. He observed 
that the light scattered by any transparent substance consisted of lines, bands over or 
above the spectrum of mercury light and also unresolved continuous radiation shifted 
from the parent line to different extents. The unmodified radiation is the Rayleigh 
scattering. 
He even showed each line of the incident radiation, provided it was of sufficient 
energy, gave rise to its own modified scattering , and frequency shifts, the relative 
intensities, the state of polarization, and other features of the new lines and bands were 
independent of the exciting radiation. 
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Figure 2 Stages of Raman Scattering [15] 
 
 
 
 
Figure 3 Plot of Raman Intensity against Wavenumber of a random molecule [72] 
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He stated the frequency shifts observed in scattering are the frequencies of oscillation 
of the chemically bonded atoms of the molecule. If the incident light quantum suffers a 
loss of energy as a result of the encounter, it appears in the spectrum as a radiation of 
increased wavelength which is a Stokes line, where the remaining energy is transferred to 
the atoms in the crystal which vibrate at a higher energy. In some cases the molecule 
gives up energy during the same kind of interaction and the resultant scattering has a 
higher energy than the energy of incident light and is called an anti-Stokes line. In either 
case the altered scatterings give us a measure of the rotational and vibrational frequencies 
of the molecule.  
 
 
 
Figure 4 Schemes of Rayleigh and Raman Scattering  
 
The important parameters observed by him through his spectrograph are the 
frequency shifts, the state of polarization and intensities of the Raman lines. It is also 
observed by Raman that the intensity of the Raman scattering increases as the fourth 
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power of the incident frequency except in the neighborhood of an absorption band. 
Infrared scattering and Raman scattering which are complementary occur due to the 
vibrational transitions and hence occur only in the range of 104-102 cm-1 wave numbers. 
Only 0.1% of the incident energy exhibits Raman scattering.  
2.1.1 Instrumentation: 
A Raman system typically consists of  
i. Excitation Source 
ii. Sample illumination system and light collection optics 
iii. Wavelength selector 
iv. Detector 
A laser beam is used to illuminate the sample in the ultraviolet (UV), visible (Vis) or near 
infrared (NIR) range. Scattered light is collected with a lens and is sent through 
interference filter or spectrophotometer to obtain Raman spectrum of a sample. 
The main difficulty of Raman spectroscopy is separating the weak Raman signal from 
Rayleigh scattering and stray light which shows in prominence in the close proximity of 
the laser wavelength. This is resolved by the use of notch filters by cutting off the 
spectral range close to the laser wavelength.  
2.1.2 Ways to Enhance Raman Signal Intensity: 
The following ways are employed to enhance the weak Raman signal intensity[16] 
i. Stimulated Raman: Instead of using a Continuous wave (CW) laser of a given 
electric field (104 V.cm-1), a Pulsed laser of higher electric field(109 V.cm-1) 
converts incident energy in to useful Raman scattering improving the signal-to-
noise ratio. It is an example of “non-linear” Raman spectroscopy. Very strong 
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laser pulse with electric field strength greater than 109 V·cm-1 transforms up to 
half of all laser pulse energy into coherent beam at Stokes frequency υ0 - υm. The 
Stokes beam is unidirectional with the incident laser beam. Only the mode υm 
which is the strongest in the regular Raman spectrum is greatly amplified. All 
other, weaker Raman active modes are not present. The Stokes frequency is so 
strong it acts as a secondary excitation source and generates the second Stokes 
line with frequency υ0 - 2υm. The second Stokes line generates the third one with 
the frequency υ0 - 3υm and so on. Stimulated Raman technique enjoys 4-5 orders 
of magnitude enhancement of Raman signal as compared to the spontaneous 
Raman scattering. 
 
 
               
Figure 5 Stimulated Raman scheme [16] 
 
ii. CARS: Coherent Anti-stokes Raman Spectroscopy is another kind of non-linear 
Raman spectroscopy. Two strong lasers which are collinear are used to excite the 
molecule instead of one laser. Usually one laser of the two has a fixed wavelength 
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and the second laser has a varying wavelength. The wavelength of the second 
laser is taken such that the frequency difference of these two lasers would 
correspond to the dominating Raman active mode. In other words, to obtain 
strong Raman signal the second laser frequency should be tuned in a way that υ2 = 
υ1 - υm. Then the frequency of strong scattered light will be 2υ1 - υ2 = 2υ1- (υ1 - 
υm) = υ1 + υm, which is higher than the excitation frequency υm and therefore 
considered to be Anti-Stokes frequency. Since two Coherent laser beams are use 
to get an anti-stokes frequency this method is named to be Coherent Anti-Stokes 
Raman Spectroscopy. 
 
 
                
Figure 6 CARS scheme [16] 
 
iii. Resonance Raman (RR): Many colored substances absorb laser beam energy and 
generate strong fluorescence which contaminate Raman spectrum. This is one of 
the central problems in Raman spectroscopy especially when UV lasers are used. 
The Resonance Raman effect takes place when the excitation laser frequency is 
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chosen in a way that it crosses frequencies of electronic excited states and 
resonates with them. Intensity of Raman bands which originate from electronic 
transitions between those states are enhanced 3-5 orders of magnitude. Not all the 
bands of spontaneous Raman spectrum are enhanced. The chromophoric group 
which has the highest level of light absorption and responsible for molecule’s 
coloration experiences the highest level of enhancement. 
 
 
                         
Figure 7 Resonance Raman scheme [16] 
 
2.1.3 Advantages and Disadvantages of Raman Characterization: 
Advantages:[4] 
1. A molecule may be Raman active, IR active or both but symmetric vibrations are 
always Raman active. 
2. Depolarization ratio measurements are obtained from Raman spectra by which 
reliable information about the symmetry of a normal vibration of a molecule in 
solution can be obtained. 
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3. Using the Resonance Raman effect, it is possible to enhance vibrations of a 
particular chromophoric group in the molecule which is advantageous in 
vibrational studies of large biological molecules. 
4. Since the diameter of the laser beam is normally 1-2mm only a sample is needed 
to obtain Raman spectra.  
5. Since water is a weak Raman scatterer, Raman spectra of a sample in aqueous 
solution can be obtained without major interference from water vibrations. 
Disadvantages:[4] 
1. A laser source is needed to observe weak Raman scattering. This may cause local 
heating or photodecomposition. 
2. Some compounds fluoresce when irradiated by the laser beam. 
3. It is more difficult to obtain rotational and rotation-vibration spectra with high 
resolution in Raman. 
2.2 Optical Properties of Nanoparticles 
Scattering of electromagnetic waves by any system is related to the heterogeneity of that 
system. Independent of the type of heterogeneity, the physics of scattering is the same for 
every system. Any particle in the shape of an atom or a molecule of a solid or liquid 
when illuminated by an electromagnetic wave, the electric charges within them are set to 
oscillate in an oscillatory motion by the electric field of the incident wave. Accelerated 
electric charges radiate energy of the same kind in different directions which is called the 
secondary radiation or radiation scattered by the particle. 
Scattering = Excitation + Reradiation 
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Consider particles are placed in a beam of electromagnetic radiation. The rate at 
which electromagnetic energy is received by the detector from the particles is denoted by 
U. U0 denotes the power received by the detector if particles are removed, where U0 is 
greater U. Hence it is said that the presence of particles has resulted in extinction of the 
incident beam. A part of the incident energy is also transformed in to other forms of 
energy by the particle like the thermal energy which is called as Absorption. Every 
medium is homogeneous except vacuum. We would be able to find the composition of 
even the media with a sufficiently fine probe hence light scatter by media is also 
accountable. Many phenomena which are not taken to be due to the scattering phenomena 
are also a result of scattering. Diffuse Reflection by rough surfaces; diffraction by slits, 
gratings and edges; and specular reflection and refraction at optically smooth interfaces 
are some of them. The physics of scattering by a single particle without considering a 
specific particle can be mentioned as the following. An applied oscillating field induces a 
dipole moment in each region. These dipoles oscillate at the frequency of the applied 
field and therefore scatter secondary radiation in all directions. In a particular direction 
the total scattered field is obtained by superposing the scattered wavelets, where due 
account is taken of their phase differences: scattering by the dipoles is coherent. Hence 
we can expect the scattering field to vary with respect to different directions. If the 
particle is small compared to the wavelength of the incident field, all secondary wavelets 
are approximately in phase hence there would not be much variation in scattering with 
the direction. As the particle size is increased the number of possibilities for mutual 
enhancement and cancellation of the scattered wavelength increases. Thus the larger the 
particle size the more peaks and valleys in the scattering pattern. The phase relations 
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among the scattered wavelets depend on geometrical factors: scattering direction, size 
and shape. But the amplitude and phase of the induced dipole moment for a given 
frequency depend on the material of which the particle is composed. Particles in a 
collection are electromagnetically coupled: each particle is excited by the external field 
and the resultant field is scattered by all the other particles; but the field scattered by a 
particle depends on the total field to which it is exposed. Since the particles are 
considered to be small and the distance between them to be large, the total field scattered 
by all the particles is small compared with the external field. With this assumption the 
total scattered field is the sum of fields scattered by individual particles each of which is 
acted up on by an external electric field in isolation from other particles. In the laboratory 
light scattering techniques are often used to determine the size of particles of known 
shape and composition. In layman terms Extinction can be defined as the total loss of 
incident energy when compared to the received energy in a specific direction. A part of 
energy which is used to excite the molecule and then it re radiates energy at a different 
frequency is called Scattered energy (this change in frequency is constituted for the 
Raman vibrations) and some part of incident energy is also totally absorbed and no 
photon is re emitted or scattered which is called Absorption energy. In 1908, Gustav Mie 
developed the theory in an effort to understand the varied colors in absorption and 
scattering exhibited by small colloidal particles of gold suspended in water. He used the 
wave equation for a physically realizable time-Harmonic electromagnetic field in a linear, 
isotropic, homogeneous medium and solved it for the case of spherical polar 
coordinates.[10] He showed the expansion of an incident plane wave in spherical 
harmonics to be  
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Ei = E0 ∑ 𝑖𝑛∞𝑛=1
2n+1
n(n+1)(M(1)o1n - iN(1)e1n) 
where M and N are the vector harmonics generated by ѱ which is the solution for the 
scalar wave equation. A superscript of (1) is appended to the vector spherical harmonics 
to which the radial dependence of the generating function is specified by jn. 
The optical properties of a material is represented by a complex dielectric constant, 
ε= ε1+iε2 and its complex refractive index η=n+iκ. 
A linearly polarized light can be written in the general form  
∇2𝐸𝑥 + 𝑘2 𝐸𝑥 = 0 
where k (k2 = ω2μ0με0ε) is a complex number termed as the propagation constant of the 
medium. The propagation constant for a general case can be written as k= 
[iωμ0μ(σ+iωε0ε)]
1/2.   
The optical properties of gold nanospheres were quantified in terms of their 
calculated absorption and scattering efficiency (Qabs and Qsca) and their optical resonance 
wavelength (λmax). For nanospheres of gold, Qabs and Qsca were calculated on the basis of 
Mie theory for homogeneous spheres. The Mie total extinction and scattering efficiency 
Qext and Qsca for a homogeneous sphere are expressed as infinite series: 
𝑄𝑒𝑥𝑡 =  2𝑥2  �(2𝑛 + 1)𝑅𝑒[𝑎𝑛 + 𝑏𝑛]∞
𝑛=1
 
𝑄𝑠𝑐𝑎 =  2𝑥2  �(2𝑛 + 1)[𝑎𝑛2 + 𝑏𝑛2]∞
𝑛=1
 
𝑄𝑎𝑏𝑠 =  𝑄𝑒𝑥𝑡 −  𝑄𝑠𝑐𝑎 
𝑎𝑛 =  𝑚 ψ𝑛(𝑚𝑥)ψ𝑛′ (𝑥) −  ψ𝑛(𝑥)𝑦𝑛′ (𝑚𝑥)
𝑚 ψ𝑛(𝑚𝑥)ξ𝑛′ (𝑥) −  𝑚 ξ𝑛(𝑥)ψ𝑛′ (𝑚𝑥) 
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𝑏𝑛 =   ψ𝑛(𝑚𝑥)ψ𝑛′ (𝑥) −  𝑚 ψ𝑛(𝑥)ψ𝑛′ (𝑚𝑥)
ψ𝑛(𝑚𝑥)ξ𝑛′ (𝑥) −  𝑚 ξ𝑛(𝑥)ψ𝑛′ (𝑚𝑥)  
Where m is the ratio of the refractive index of sphere n to that of the refractive index of 
the surrounding medium of nm, x is the size parameter given as 2πnmR/λ, ψn and ξn are the 
Riccati-Bessel functions and the prime represents the first differentiation with respect to 
parameter in the paranthesis. [27] To obtain their corresponding cross-sections (Csca, Cext) 
the efficiencies are multiplied by the cross-section of the nanoparticle. According to Mie, 
the extinction spectrum, E(λ) of an arbitrarily shaped nanoparticle is given by  
𝐸(λ) =  24𝜋2𝑁𝑎3ε𝑜𝑢𝑡32
λ ln (10)  � ε𝑖(λ)(ε𝑟(λ) + χεout)2 +  εi(λ)2 � 
where εi is the imaginary and εr is the real part of the metal dielectric function εi and χ is 
the shape factor.  
Absorption Spectroscopy: 
Absorption spectroscopy refers to spectroscopic techniques that measure the absorption 
of radiation, as a function of frequency or wavelength, due to its interaction with a 
sample. The sample absorbs energy, i.e., photons, from the radiating field. The intensity 
of the absorption varies as a function of frequency, and this variation is the absorption 
spectrum. Absorption spectroscopy is performed across the electromagnetic 
spectrum.[23] The most common arrangement is to direct a generated beam of radiation 
at a sample and detect the intensity of the radiation that passes through it. The transmitted 
energy can be used to calculate the absorption. The source, sample arrangement and 
detection technique vary significantly depending on the frequency range and the purpose 
of the experiment.  
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Figure 8 Calculated spectra of the efficiency of absorption Qabs (red dashed), scattering 
Qsca (black dotted), and extinction Qext (green solid) for gold nanospheres of diameter 
80nm [27] 
 
He then defined the scattered fields to be [10]  
E𝑠 =  �𝐸𝑛(𝑖𝑎𝑛N𝑒1𝑛(3) −  𝑏𝑛M𝑜1𝑛(3)∞
𝑛=1
 
H𝑠  =  𝑘ωµ  �𝐸𝑛 (𝑖𝑏𝑛N𝑜1𝑛(3) + 𝑎𝑛M𝑒1𝑛(3) ) ∞
𝑛=1
 
where En=inE0
(2𝑛+1)
𝑛(𝑛+1) and the superscript (3) is appended to the spherical harmonics for 
which the radial dependence of the generating functions is specified by hn(1) which is a 
spherical Hankel function. 
2.3 Plasmonic Effects in Nanoparticles 
A quasiparticle refers to a group of discrete phenomena whose behavior is characterized 
as that of a single particle in a system, including the effect the particle has on the system. 
It can be roughly defined as the combination of a particle and its influence on the local 
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environment. Holes which are missing electrons and phonons which are packets of 
vibration are some quasiparticles. A plasmon is quantum of plasma oscillation. The 
plasmon is a quasiparticle resulting from the quantization of plasma oscillations just as 
photons and phonons are quantization of light and heat, respectively. Thus, plasmons are 
collective oscillations of the free electron gas density, for example, at optical frequencies. 
Ritchie predicted the existence of self-sustained collective excitations at metal surfaces 
when he was working on the losses of energy by fast electrons when passed through thin 
metal films [34]. By then Pines and Bohm[35, 36] already indicated that the long-range 
nature of the Coulomb interaction between valence electrons in metal yields plasma 
oscillations similar to one showed by Tonks and Langmuir[37] in electrical discharges in 
gases. Ritchie in his paper[34] investigated the impact of film boundaries on the 
production of collective excitations and found that the boundary effect is to cause the 
appearance of a new lowered loss due to the excitation of surface collective oscillations. 
Powell and Swan[38] demonstrated the existence of these collective excitations, the 
quanta of which Stern and Ferrell[39] named as Surface Plasmon. Since then researchers 
found an interest in the field of condensed matter and surface physics and in 
understanding the properties of solids. Principles relating to Van der Waals forces, energy 
transfer of gas-surface interactions, damping of surface vibrational modes, surface 
energies, energy loss of charged particles moving outside a metal surface and de-
excitation of adsorbed molecules since then were understood. Electrochemistry, wetting, 
biosensing to scanning tunneling microscopy, the ejection of ions from surfaces, Surface 
Plasmon microscopy, Surface Plasmon Resonance were the fields where Surface 
Plasmons have been applied.[40] A renewed interest in the Surface Plasmons have been 
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from the recent advances in the investigation of electromagnetic properties of 
nanostructured materials because of its property to concentrate light in subwavelength 
structures and to enhance transmission through periodic arrays of subwavelength holes in 
optically thick metallic films. Surface Plasmons for the design, fabrication and 
characterization of subwavelength waveguide components has been demonstrated in [41-
44]. Plasmons can couple with a photon to create another quasiparticle called a plasma 
polariton. Plasmons can be described in the classical picture as an oscillation of free 
electron density against the fixed positive ions in a metal. To visualize a plasma 
oscillation, imagine a cube of metal is placed in an external electric field to the right. 
Electrons will move to the left side (uncovering positive ions on the right side) until they 
cancel the field inside the metal. Now we switch the electric field off, and the electrons 
move to the right, repelled by each other and attracted to the positive ions left bare on the 
right side. They oscillate back and forth at the plasma frequency until the energy is lost in 
some kind of resistance or damping. Plasmons are a quantization of this kind of 
oscillation. 
2.3.1. Surface Plasmon Resonance (SPR): 
The phenomenon of SPR was first observed by Turbadar[45] after which Otto[46], 
Kretschmann and Raether[47], Agerwal [48] and Swalen [49] brought understanding and 
significance of the technique. When a light beam propagating in a medium of higher 
refractive index hits an interface of a medium of lower refractive index at an angle of 
incidence above a critical angle the light is totally reflected at the interface into the high 
refractive index medium. In this process even though if the wave does not lose any net 
energy a small fraction of it is converted in to electrical signal called evanescent field and 
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propagates in to the lower refractive medium. If the lower refractive index media has a 
non-zero absorption coefficient, the evanescent field wave may transfer the matching 
photon energy to the medium. If the interface is a metal-air interface, such as gold, of a 
suitable thickness the p-polarized component of the evanescent field wave, penetrates the 
metal layer and excites electromagnetic surface plasmon waves propagating within the 
metal conductor. Since the Surface Plasmon wave of a metal like gold is also p-polarized 
it will create an enhanced evanescent wave. For plasmon excitation by a photon to occur 
the energy and momentum of these “quantum-particles” must both be conserved during 
the photon “transformation” into a plasmon. This requirement is met when the 
wavevector for the photon and plasmon are equal in magnitude and direction for the same 
frequency of the waves. 
 
  
 
Figure 9 Surface Plasmon Resonance at a glass-gold film [50] 
 
The direction of the wavevector is the direction of the wave propagation (i.e. the light 
ray direction), while its magnitude depends on the refractive indices of the media that the 
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electromagnetic field wave interacts with along its propagation path. Since the wave 
vector of the plasmon wave is bound to the conductor surface, it is the wavevector of the 
component of the incident light which is parallel to the conductor surface that can be 
equal to the wave-vector of the surface plasmons (ksp, kx ). The magnitude of the surface 
parallel wavevector, kx, is the wavevector of the incident light times sin(θ), kx = 
(2*π/wavelength)*n1*sin(θ). [50] 
Localized Surface Plasmon Resonance (LSPR):  
When a small spherical metallic nanoparticle is irradiated by light, the oscillating electric 
field causes the conduction electrons to oscillate coherently. A restoring force arises from 
the Coulomb law of attraction between electrons and nuclei as a result of relative 
displacement of electron cloud from the nuclei. Hence the electron cloud oscillates.  
 
 
 
Figure 10 Plasmon Oscillation of a metal sphere with respect to applied electromagnetic 
field [51] 
 
This oscillation frequency depends on the density of electrons, the effective electron 
mass, shape and size of the charge distribution. This collective oscillation of the electrons 
is called dipole plasmon resonance of the particle or dipole particle plasmon resonance. 
Higher modes of plasmon excitation can occur, such as the quadrupole mode where half 
of the electron cloud moves parallel to the applied field and half move antiparallel to the 
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applied field. For silver metal the electrons in the d-orbital influence the plasmon 
frequency making it difficult to calculate using electronic structure calculations. Hence 
the use of frequency varying metal dielectric constant is used to calculate the plasmon 
frequency. We consider the electric field of light to be constant when the particle is small 
compared to the wavelength of light (a/λ < 0.1). 
Assume the electric field of the incident electromagnetic wave be E0 along z-axis. To 
determine the electromagnetic field surrounding the particle, we solve the Laplace’s 
equation (electrostatics) ∇2φ =  0 where φ is the electric potential. The electric field can 
be written as E =  −∇φ. Boundary conditions while solving for φ are taken to be (i) φ is 
continuous at the sphere surface and (ii) the normal component of the electric 
displacement D is also continuous (D = εE). Laplace equation has angular solutions 
which are the spherical harmonics. In addition the radial solutions are of the form rl and r-
(l-1) where l is the angular momentum of the atomic orbitals. If we limit our case to l=1 
the potential would be φ= A r sinθ cosϕ for potential inside the sphere and φ= (-E0r+B/r2) 
sinθ cosϕ for potential outside the sphere where A and B are constants to be determined. 
After boundary conditions are applied to these solutions and corresponding φ is used to 
determine the field outside the sphere we get [15] 
𝐸𝑜𝑢𝑡(𝑥, 𝑦, 𝑧)  =  𝐸0𝐳�  −  α𝐸0 � 𝐳�𝑟3 −  3𝑧r5 (x𝐱�  +  y𝐲�  + z𝐳�)� 
where α is the polarizability of the metal which is α = g a3 where a is the radius of sphere 
and g a factor which plays a crucial role in enhancing signal is defined as g = (εin- 
εout)/(εin+2 εout), εin is the dielectric of the dielectric constant of the metal nanoparticle and 
εout is the dielectric function of the surrounding media. The magnitude of the 
enhancement is wavelength dependent, owing to the strong wavelength dependence of 
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the real portion of the metal nanoparticle dielectric constant. As such, the maximum 
enhancement occurs when the denominator of g approaches zero (εin ≈ −2εout ) from the 
definition of g (enhancement) factor where the field enhancement decays with r -3, 
implying the existence of a finite sensing volume around the nanoparticle. 
Quadrupole Plasmon Resonance [51]:  
For larger particles higher multipoles especially the quadrupole term (l=2) dominate the 
extinction and scattering spectra. Including the l=2 term in the Laplace equation and 
expressing the Electric field outside the sphere we get  
 
where β is the quadrupole polarizability given by β = g a5 with g = (εi- ε0)/( εi+3/2 ε0). 
2.3.2. Surface Enhanced Raman Scattering (SERS): 
Several techniques have been proposed to enhance the Raman signal like resonance 
enhancement and surface enhancement. Resonance enhancement as explained earlier has 
been achieved by exciting light which is in resonance with the electronic transition levels 
of a molecule. This process enhances the signal by 102-103. This signal was still small for 
applications requiring a different mechanism to enhance the Raman signal. Moreover this 
technique also requires shorter wavelength of light than required for normal Raman. This 
causes degradation of samples, interference from fluorescence and use of short 
wavelength lasers which are not readily available.  
SERS was actually discovered in 1974 when Martin Fleischman and team observed 
SERS for pyridine adsorbed on electrochemically roughened silver and justified it saying 
that it was because of the number of scattering molecules and did not observe large signal 
enhancements. Understanding the mechanism of SERS since its discovery has been 
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challenging to understand the enhancement factors which were first approximated to be 
106. Later in 1977 two groups worked independently and concluded that the enhancement 
is not due to the number of scattering molecules but due to a mechanism proposed by 
them which are distinct. These still constitute the underlying principles of modern 
theories of SERS effect which may not be the exact reasons of enhancement. One group 
of Jeanmaire and Van Duyne [54] proposed an electromagnetic effect while another 
group of Albrecht and Creighton [55] proposed a charge-transfer effect. These two 
mechanisms aroused because the intensity of Raman scattering was directly proportional 
to the square of induced dipole moment which in turn depends on the product of Raman 
Polarizability (α) and the magnitude of electromagnetic field (E).  
The key features of SERS are summarized as [57] 
 SERS occurs for different molecules adsorbed on or near to the surface of metals in a 
variety of morphologies. The largest enhancements (with surface enhancement factor 
(SEF) > 106) are observed from the coinage metals silver, gold and copper, and 
roughened with features of submicroscopic dimensions (about 20-300 nm). The 
atomic scale roughness, such as certain adatoms, adclusters, steps or kinks can assist 
further enhancement. 
 SERS was observed at solid/liquid, solid/gas, and solid/solid interfaces, as an 
interface-sensitive technique. Molecules adsorbed in the first layer on the surface 
show the largest enhancements. However, the enhancement also has some long-range 
aspect with molecules separated from the surface by tens of nanometers showing 
some enhancement depending upon the substrate morphology and physical 
environments. 
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 The Raman bands from SERS active surfaces with various roughnesses (except single 
nanoparticles) are completely depolarized, in contrast to those taken from molecules 
adsorbed on atomically smooth surfaces. Overtone and combination bands are not 
prevalent and normally Raman inactive vibrational modes can be observed. Selection 
rules are relaxed resulting in the appearance of normally forbidden Raman modes in 
the surface spectra. SERS active surfaces also display a continuum inelastic 
background scattering and they are also very effective in quenching fluorescence. 
 The excitation profile (scattering intensity vs exciting frequency) deviates from the 
fourth-power dependence of normal Raman scattering. Both vibrational band 
frequencies and SERS intensities are a function of the applied electrode potential in 
electrochemical experiments, and the functionality may be different for different sets 
of vibrational modes. 
The chemical effect in enhancing the Raman signal was explained by Otto [58] in four 
steps 
a) Excitation of the electron in to the lowest unoccupied molecular orbital which 
is known as Photo Annihilation 
b) Transfer of hot electron in to the LUMO of the molecule 
c) Transfer of hot electron from LUMO back in to the metal 
d) Return of electron back in to its initial place and Stokes photon creation. 
This enhancement was found to be from 10-100 and also requires the molecule to be very 
close to the metal surface for electron transfer. 
The increase in intensity of the Raman signal for adsorbates on particular surfaces 
occurs because of an enhancement in the electric field provided by the surface. When the 
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incident light in the experiment strikes the surface, localized surface plasmons are 
excited. The field enhancement is greatest when the plasmon frequency, ωp, is in 
resonance with the radiation. Furthermore, in order for scattering to occur, the plasmon 
oscillations must be perpendicular to the surface; if they are in-plane with the surface, no 
scattering will occur. It is because of this requirement that roughened surfaces or 
arrangements of nanoparticles are typically employed in SERS experiments as these 
surfaces provide an area on which these localized collective oscillations can take place. 
The light incident on the surface can excite a variety of phenomena in the surface, yet the 
complexity of this situation can be minimized by surfaces with features much smaller 
than the wavelength of the light, as only the dipolar contribution will be recognized by 
the system. The dipolar term contributes to the plasmon oscillations, which leads to the 
enhancement. The reason that the SERS effect is so pronounced is because the field 
enhancement occurs twice. Initially, the field enhancement magnifies the intensity of 
incident light which will excite the Raman modes of the molecule being studied, 
therefore increasing the signal of the Raman scattering. The Raman signal is then further 
magnified by the surface by the same mechanism as the incident light was, resulting in a 
greater increase in the total output signal of the experiment. At each stage the electric 
field is enhanced as E2, for a total enhancement of E4. The enhancement is not equal for 
all frequencies. For those frequencies for which the Raman signal is only slightly shifted 
from the incident light, both the incident laser light and the Raman signal can be near 
resonance with the plasmon frequency, leading to the E4 enhancement. When the 
frequency shift is large, the incident light and the Raman signal cannot both be at 
resonance with ωp, thus the enhancement at both stages cannot be maximal. The choice of 
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surface metal is also dictated by the plasmon resonance frequency. Visible and near-
infrared radiation (NIR) is used to excite Raman modes. Silver and gold are typical 
metals for SERS experiments because their plasmon resonance frequencies fall within 
these wavelength ranges, providing maximal enhancement for visible and NIR light. 
E4 Enhancement: [28] 
In Raman Spectroscopy the scattered field is linear with the incident field intensity E02 
[59]. Since this field is magnified at the nanoparticle surface, the Raman intensity is 
related to the absolute square of Eout at the surface of the metal sphere. Hence from the 
theory of surface plasmon resonance  
|Eout|2 = E02[ |1-g|2 + 3cos2θ(2Re(g) + |g|2)] 
where θ is the angle between incident field vector and the vector of position of molecule 
on the surface. The peak enhancement occurs when the molecule is on the axis of 
incident field when θ = 0 or 180 and when g is large. The maximum enhancement 
approach |Eout_max|2 = 4 E02 |g|2 and the ratio of maximum intensity to the minimum 
intensity is 4. 
In Raman scattering, the applied field induces an oscillating dipole in the molecule on 
the surface. This dipole then radiates and there is a small probability that this is Stokes 
shifted. Even though the above equation gives the enhancement of the incident field, the 
emission from the dipole may also be enhanced. Kerker et al proposed a first order 
approximation of the enhanced field as 
𝐸𝐹 =  |E𝑜𝑢𝑡|2|E𝑜𝑢𝑡′ |2|E0|4  =  4|g|2|g′|2 
where the prime denotes the case of the Stokes shifted frequency. This is in general 
defined as the Enhancement Factor and if the Stokes shift is small g and g′ are at the same 
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wavelength and hence EF scales as g4. This is referred to as the enhancement factor being 
dependant on fourth power of incident electromagnetic field.  
Distance Dependance: [28] 
The EM predicts that SERS does not require the adsorbate to be in direct contact with the 
surface but within a certain sensing volume. Since the field enhancement around a small 
metal sphere decays with r -3, the E4 enhancement suggests the overall field enhancement 
should decay at r -12. Taking in to account the increased surface area scaling with r2 as 
one considers shells of molecules at an increased distance from the nanoparticle, we 
observe an r -10 distance dependence.  
ISERS = �
𝑎+𝑟
𝑎
�
−10
 
where ISERS is the intensity of the Raman mode, a is the average size of the field 
enhancing features on the surface and r is the distance from the surface to the adsorbate. 
[60] 
2.3.3. Applications: 
There are a huge number of papers published in the past describing the importance of 
SERS in their specific application. SERS has been used to investigate a wide variety of 
problems in science and the only unifying theme has been the use of a common 
technique. Hence it is not possible to list each of them even in a more general way. A few 
applications have been listed below 
1) Near-field coupling of Localized Surface Plasmon Resonance is exploited in the 
constructing nanoscale optical and photonic devices.[31],[32] 
2) Advantage is taken through the employment of nano-optical devices where 
photons are converted to electromagnetic modes of operation (through LSP) that 
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are not diffraction limited (more focusing ability than λ/2) and can be employed 
as optical elements like mirrors, lenses, switches or waveguides. Decoupling was 
also demonstrated. [33] 
3) Indocyanine green (ICG) on colloidal silver and gold which exhibit SERS was 
proposed [66] as optical probes in living cells. An optical probe distinguishes the 
type of fluid around it by its movement. The probe offers the potential to increase 
the spectral specificity and selectivity of current chemical characterization 
approaches of living cells and biomaterials based on vibrational information. 
4) SERS is applied in industrial chemistry for applications that require identification 
and characterization of mixtures. 
5) SERS technique was applied for analysis and detection of bodily fluids for 
diagnosis purposes [67]. 
6) SERS can be applied for potential roadside tests of illicit drugs in saliva. The 
nature of the test requires it to be sensitive, accurate, reliable, and fast. The 
sensitivity is the most important as the drug metabolites must be detected at 
physiological concentration. High sensitivity results in a decrease of false 
negatives. Specificity is also extremely important in order to reduce the number of 
false positives. [68] 
7) Photonic bandgap fiber enabled Raman detection of nitrogen gas are an excellent 
means of concentrating light energy in a very small volume. These fibers are 
designed with a hollow core surrounded by a silica honeycomb structure. The 
structure of the fiber is carefully designed so as to propagate a relatively narrow 
band of wavelengths with very little attenuation. 
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8) Oxonica Materials, Inc. has developed a novel, patented nanoparticulate optical 
quantitation label based on surface enhanced Raman scattering (SERS). The 
particles are built upon a 60-nm diameter Au core, and include a layer of one of a 
group of organic molecules (the “reporter”), and a 30-nm thick silica (glass) 
coating. The spectrum of each SERS tag is the Raman signal from the adsorbed 
reporter. By using different reporters, a large number of spectrally unique tags can 
be prepared. The glass coating renders the particles exceptionally robust to 
changes in pH, temperature, and ionic strength, and yet enables subsequent 
chemical and/or biochemical functionalization. Moreover, because the particles 
are excited and detected in the near-IR, they are perfectly suited for use in 
complex, dirty matrices or materials that would confound results from traditional 
optical labels. [69] 
9) Transition metal based surface enhanced Raman spectroscopy. Although 
resistance to degradation might be desirable characteristic in the simple 
identification of molecular adsorbates to the surface, it is a drawback to apply 
SERS to monitor heterogenic catalytic processes. To broaden SERS application to 
even catalytic reactions thin layers of transition metals were coated over the metal 
surface. [70], [71] 
10) Surface Plasmons were used to develop macroscopic analogues to plasmon 
waveguides. 
11) Hollow Core Photonic Crystal Fiber Sensor, Liquid Core Photonic Crystal Fiber 
were designed on the principle of SERS. 
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12) Biomarkers are used as the adsorbed molecules on gold nanoparticles to detect 
cancer. The process of detection can be found at  
http://www.youtube.com/watch?v=uyhxRIvw_cY&p=03A786437207711C&play
next=1&index=8 
 
  
32 
 
CHAPTER 3 
SIMULATION OF OPTICAL AND RAMAN PROPERTIES OF NANOPARTICLES 
3.1 Simulation Tool 
The optical properties of small metal nanoparticles are simulated using a simulation tool 
at the nanohub.org website. This website belongs to the Purdue University where they 
work extensively on creating different simulation tools for studies on the behaviour of 
nanoparticles and publish. The particular tool used to study the optical properties of metal 
nanoparticles related to this study is called the “Nanosphere Optics Lab Field Simulator” 
cited as Baudilio Tejerina; Tyler Takeshita; Logan Ausman; George C. Schatz (2007), 
"Nanosphere Optics Lab Field Simulator," DOI: 10254/nanohub-r3056.4. The code used 
by the software is basically that of the Mie scattering which has been discussed briefly. A 
detailed explanation of the concept of Mie scattering can be found in reference [8], [10]. 
This simulation was used as a theoretical reference to study the optical properties of the 
gold and silver nanoparticles. After launching the tool, the information to be fed would be 
about the refractive index of the medium, radius of the nanoparticle studied, material of 
the nanoparticle (gold, silver, silicon or glass), number of multipole expansion terms 
which is the order of the Bessel function used in the Mie theory, the wavelength range of 
irradiation light to be studied (the range of wavelength for which the efficiency curves 
needs to be plotted), number of steps over the range of incident light wavelength and 
polarization axis of the incident light on the nanoparticle.  
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Figure 11 Snapshot of simulation parameters to be fed for calculation of optical 
properties of nanosphere 
 
The second page requires specifications for calculating the Electric field around the 
nanosphere for which we need to specify a particular wavelength of light we are 
interested in our studies (which in this study needs to be close to resonance for maximum 
enhancements), plane of oscillation of the electric field, starting and end points of the plot 
which requires negative starting (because the center of the nanosphere is considered to be 
at the center) and positive ending in distance (region around the nanosphere around 
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which the plot can be magnified) and the Increment which denotes the interval in nm at 
which the calculations are done. All these numbers need to be in integral value apart from 
the Refractive index of the medium and wavelength of the incident light.  
 
 
 
Figure 12 Snapshot of parameters to be fed for calculation of Electric field around the 
nanosphere 
 
The next step would be the output screen. The dropdown menu on the top allows you 
to display different outputs for study. 
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Figure 13 Snapshot of various output plots that can be selected 
 
3.2 Results of Simulation 
The simulations have been carried out in the radius range of 2-50 nm for gold 
nanospheres and 5-50nm for silver nanosphere. The square of electric field magnitude 
around the nanoparticle has been represented for incident light wavelength of 784.8nm.  
Gold Nanosphere simulations were observed as:  
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Figure 14 Extinction Efficiency of a gold nanosphere of radius 2nm with surrounding 
medium as water 
 
 
 
 
 
Figure 15 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 2 nm in 
water (left) and in air (right) 
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Figure 16 Extinction Efficiency of a gold nanosphere of radius 3nm with surrounding 
medium as water 
 
 
 
 
 
Figure 17 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 3 nm in 
water (left) and in air (right) 
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Figure 18 Extinction Efficiency of a gold nanosphere of radius 5nm with surrounding 
medium as water 
 
 
 
 
 
Figure 19 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 5 nm in 
water (left) and in air (right) 
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Figure 20 Extinction Efficiency of a gold nanosphere of radius 6nm with surrounding 
medium as water 
 
 
 
 
 
Figure 21 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 6 nm in 
water (left) and in air (right) 
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Figure 22 Extinction Efficiency of a gold nanosphere of radius 7nm with surrounding 
medium as water 
 
 
 
 
 
Figure 23 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 7 nm in 
water (left) and in air (right) 
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Figure 24 Extinction Efficiency of a gold nanosphere of radius 8nm with surrounding 
medium as water 
 
 
 
 
 
Figure 25 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 8 nm in 
water (left) and in air (right) 
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Figure 26 Extinction Efficiency of a gold nanosphere of radius 10nm with surrounding 
medium as water 
 
 
 
 
 
Figure 27 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 10 nm 
in water (left) and in air (right) 
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Figure 28 Extinction Efficiency of a gold nanosphere of radius 15nm with surrounding 
medium as water 
 
 
 
 
 
Figure 29 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 15 nm 
in water (left) and in air (right) 
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Figure 30 Extinction Efficiency of a gold nanosphere of radius 20nm with surrounding 
medium as water 
 
 
 
 
 
Figure 31 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 20 nm 
in water (left) and in air (right) 
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Figure 32 Extinction Efficiency of a gold nanosphere of radius 25nm with surrounding 
medium as water 
 
 
 
 
 
Figure 33 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 25 nm 
in water (left) and in air (right) 
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Figure 34 Extinction Efficiency of a gold nanosphere of radius 30nm with surrounding 
medium as water 
 
 
 
 
 
Figure 35 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 30 nm 
in water (left) and in air (right)  
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Figure 36 Extinction Efficiency of a gold nanosphere of radius 35nm with surrounding 
medium as water 
 
 
 
 
 
Figure 37 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 35 nm 
in water (left) and in air (right)  
48 
 
 
 
Figure 38 Extinction Efficiency of a gold nanosphere of radius 40nm with surrounding 
medium as water 
 
 
 
 
 
Figure 39 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 40 nm 
in water (left) and in air (right)  
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Figure 40 Extinction Efficiency of a gold nanosphere of radius 45nm with surrounding 
medium as water 
 
 
 
 
 
Figure 41 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 45 nm 
in water (left) and in air (right)  
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Figure 42 Extinction Efficiency of a gold nanosphere of radius 50nm with surrounding 
medium as water 
 
 
 
 
 
Figure 43 Magnitude of Electric field |Eout|2 outside the gold nanosphere of radius 50 nm 
in water (left) and in air (right) 
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Table 1 Optical property table for gold nanosphere of varying radius as per simulations 
 
Radius 
(nm) 
Extinction 
Efficiency at  
Resonant 
Peak 
Resonance 
Wavelength 
(nm) 
Lower Half 
Peak 
Wavelength 
(nm) 
Upper Half 
Peak 
Wavelength 
(nm) 
Half 
Peak 
Width 
(nm) 
2 0.261 522 504 538 34 
3 0.392 522 504 538 34 
5 0.658 522 504 538 34 
6 0.794 522 504 539 35 
7 0.933 523 504 539 35 
8 1.07 523 504 539 35 
10 1.37 523 505 540 35 
15 2.16 525 506 541 35 
20 3.07 526 508 545 37 
25 4.06 529 510 550 40 
30 5.05 534 513 557 44 
35 5.89 540 517 567 50 
40 6.5 549 520 578 58 
45 6.86 559 524 591 67 
50 6.97 570 529 607 78 
 
Silver nanosphere simulations were observed to be 
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Figure 44 Extinction Efficiency of a silver nanosphere of radius 5nm with surrounding 
medium as water 
 
 
 
 
 
Figure 45 Magnitude of Electric field |Eout|2 outside the silver nanosphere of radius 5 nm 
in water (left) and in air (right) 
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Figure 46 Extinction Efficiency of a silver nanosphere of radius 10nm with surrounding 
medium as water 
 
 
 
 
 
Figure 47 Magnitude of Electric field |Eout|2 outside the silver nanosphere of radius 10 nm 
in water (left) and in air (right) 
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Figure 48 Extinction Efficiency of a silver nanosphere of radius 11nm with surrounding 
medium as water 
 
 
 
 
 
Figure 49 Magnitude of Electric field |Eout|2 outside the silver nanosphere of radius 11 nm 
in water (left) and in air (right)  
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Figure 50 Extinction Efficiency of a silver nanosphere of radius 12nm with surrounding 
medium as water 
 
 
 
 
 
Figure 51 Magnitude of Electric field |Eout|2 outside the silver nanosphere of radius 12 nm 
in water (left) and in air (right) 
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Figure 52 Extinction Efficiency of a silver nanosphere of radius 13nm with surrounding 
medium as water 
 
 
 
 
 
Figure 53 Magnitude of Electric field |Eout|2 outside the silver nanosphere of radius 13 nm 
in water (left) and in air (right)  
57 
 
 
 
Figure 54 Extinction Efficiency of a silver nanosphere of radius 14nm with surrounding 
medium as water 
 
 
 
 
 
Figure 55 Magnitude of Electric field |Eout|2 outside the silver nanosphere of radius 14 nm 
in water (left) and in air (right) 
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Figure 56 Extinction Efficiency of a silver nanosphere of radius 15nm with surrounding 
medium as water 
 
 
 
 
 
Figure 57 Magnitude of Electric field |Eout|2 outside the silver nanosphere of radius 15 nm 
in water (left) and in air (right) 
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Figure 58 Extinction Efficiency of a silver nanosphere of radius 20nm with surrounding 
medium as water 
 
 
 
 
 
Figure 59 Magnitude of Electric field |Eout|2 outside the silver nanosphere of radius 20 nm 
in water (left) and in air (right) 
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Figure 60 Extinction Efficiency of a silver nanosphere of radius 25nm with surrounding 
medium as water 
 
 
 
 
 
Figure 61 Magnitude of Electric field |Eout|2 outside the silver nanosphere of radius 25 nm 
in water (left) and in air (right) 
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Figure 62 Extinction Efficiency of a silver nanosphere of radius 30nm with surrounding 
medium as water 
 
 
 
 
 
Figure 63 Magnitude of Electric field |Eout|2 outside the silver nanosphere of radius 30 nm 
in water (left) and in air (right) 
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Figure 64 Extinction Efficiency of a silver nanosphere of radius 35nm with surrounding 
medium as water 
 
 
 
 
 
Figure 65 Magnitude of Electric field |Eout|2 outside the silver nanosphere of radius 35 nm 
in water (left) and in air (right) 
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Figure 66 Extinction Efficiency of a silver nanosphere of radius 40nm with surrounding 
medium as water 
 
 
 
 
 
Figure 67 Magnitude of Electric field |Eout|2 outside the silver nanosphere of radius 40 nm 
in water (left) and in air (right) 
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Figure 68 Extinction Efficiency of a silver nanosphere of radius 45nm with surrounding 
medium as water 
 
 
 
 
 
Figure 69 Magnitude of Electric field |Eout|2 outside the silver nanosphere of radius 45 nm 
in water (left) and in air (right) 
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Figure 70 Extinction Efficiency of a silver nanosphere of radius 50nm with surrounding 
medium as water 
 
 
 
 
 
Figure 71 Magnitude of Electric field |Eout|2 outside the silver nanosphere of radius 50 nm 
in water (left) and in air (right) 
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Table 2 Optical property table for Silver nanosphere of varying radius as per simulations 
 
Radius 
(nm) 
Extinction 
Efficiency at  
Resonant 
Peak 
Resonance 
Wavelength 
(nm) 
Lower Half 
Peak 
Wavelength 
(nm) 
Upper Half 
Peak 
Wavelength 
(nm) 
Half 
Peak 
Width 
(nm) 
5 3.35 396 380 409 29 
10 6.71 399 383 412 29 
11 7.34 400 384 414 30 
12 7.91 400 385 415 30 
13 8.43 402 385 416 31 
14 8.91 403 385 420 35 
15 9.35 403 387 420 33 
20 10.7 411 391 431 40 
25 11.2 421 397 446 49 
30 10.8 432 401 464 63 
35 9.87 447 403 487 84 
40 8.99 462 394 513 119 
45 8.12, 5.38 478, 397 443,393 512,403 69,10 
50 7.31, 5.83 496, 401 456, 395 534, 409 78, 14 
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CHAPTER 4 
COMPARISON OF SIMULATION RESULTS WITH EXPERIMENTAL DATA 
4.1 Experimental Procedure 
4.1.1. Fabrication of Gold and Silver Nanoparticles: 
Gold nanoparticles with a size of 13 nm were prepared by chemical reduction of gold 
salt. 20 ml solution of 1.0 mM HAuCl4 was heated to boil with persistent stirring of a 
magnetic bar, and 2 ml of 38.8 mM Na3C6H5O7 was subsequently added. Distilled water 
was supplied in to the boiling mixture in order to keep total volume constant and control 
the gold nanoparticle concentrations. The solutions turned deep red after 10 min, upon 
which supply of heat has been shut down and the mixture was cooled to room 
temperature. 
 
 
 
Figure 72 SEM image of 13nm gold nanosphere fabricated in our laboratory 
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Silver nanoparticles with a size of 25nm were prepared by the same process of 
chemical reduction of a salt like in gold.  The salt used here was 1.0 mM AgNO3 instead 
of a gold salt. 
 
 
 
Figure 73 SEM image of 25nm silver nanosphere fabricated in our laboratory 
 
4.1.2. Procedure and Observations: 
The fabricated gold nanoparticle solution was taken and its transmittance was studied in a 
JASCO V-670 spectrophotometer. It contains two slots; the gold solution is placed in one 
and the other is for reference where distilled water is placed in order to negate the effects 
of other materials (glass and distilled water) except the gold nanoparticles of the gold 
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solution. The same procedure is followed to calculate the optical properties of the silver 
nanoparticles.  
 
 
 
Figure 74 Optical properties of gold (13nm) and silver (25nm) nanosphere observed in 
JASCO V-670 spectrophotometer in our laboratory 
 
A small portion of gold nanoparticle solution was taken on a silicon slab and allowed 
to dry in vacuum for approximately 2 days so that only the gold nanoparticles get 
deposited on the silicon slab. This is then dipped into the 4-mercaptopyridine (4-MP) 
solution (4-MP molecules dissolved into ethanol) of desired conentrations. A 1 mM 
solution has been used in this case. This again is dried in vacuum so that only the 4-MP 
molecules adsorbed on the gold nanoparticles resting on a silicon slab are left. This is 
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then studied for the enhanced Raman signal in Lab RAM HR instrument by Horiba Jobin 
Yvon. A red shifted visible light of 784.8 nm was used to measure the enhancement 
Raman signal. The same procedure was again carried out for the silver nanoparticle 
solution. 
 
 
 
Figure 75 Observed Enhanced Raman signal of 4-MP molecules on the surface of gold 
and silver nanoparticle 
 
Raman signal can be detected significantly for a 4-MP solution only if it is atleast 0.2 M 
concentration.  
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4.2 Comparison of Experimental Data with Simulation 
The simulations carried out in the earlier chapter suggested the resonant wavelength for a 
13 nm gold nanosphere and 25 nm silver nanosphere due to surface plasmons  would be 
around 523 nm and 402 nm respectively. The experimental results showed the location of 
the resonant peak for 13 nm gold nanosphere and 25 nm silver nanosphere around 530 
nm and 417 nm which are around the wavelengths of the simulation results. 
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CHAPTER 5 
SUMMARY AND DISCUSSIONS 
The fabrication, optical properties of gold and silver nanospheres for varying radius have 
been simulated and verified experimentally. The concept of Surface Enhanced Raman 
Spectroscopy for a molecule was also discussed  and observed practically for a 4-
mercaptopyridine molecule. It can be observed from the simulations as the size of the 
nanoparticles increases the electromagnetic field around the nanoparticle increases hence 
paving a path for an increased enhancement Raman signal (α E4 as discussed). This 
varying of electromagnetic field with the particle size can be taken advantage of for 
different applications. It all comes down to the selection of the particle and its size for the 
specific application being used.  
Future work can be done more on implementing the same concept for different sizes 
and shapes of metal nanoparticles  depending on its application. This is being used as a 
cancer cell detection for now but more thought is required if the same can be used for 
destruction of the cancer cell. Moreover since the exact nature and dependence of the 
enhancement signal is still not known, there is a lot of scope for research in this field of 
nanotechnology. 
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GLOSSARY 
Absorbance(A): The logarithm to the base 10 of the ratio of the spectral radiant power of 
incident radiation to the radiant power of transmitted radiation: A=-log T where T is the 
internal transmittance. 
Absorption: The transfer of energy from an electromagnetic field to matter. A process by 
which light is extincted. 
Absorptance: The fraction of light absorbed which can be written as one minus the 
transmittance (T) plus reflectance (R). 
Absorption Band: This is a region of the absorption spectrum in which the absorbance 
includes a maximum. 
Absorption coefficient (a): Absorbance divided by the optical pathlength. a=A/l. 
Absorption cross-section(σ): Molecular entities contained in a unit volume of the 
absorbing medium along the light path. It can be calculated as the absorption coefficient 
divided by the number of molecular entities contained in a unit volume of the absorbing 
medium along the light path. 
Absorption spectrum: A two-dimensional plot of the absorbance or transmittance of a 
material with respect to wavelength. 
Anti-Stokes lines: There are Raman lines observed on the shorter wavelength side of the 
monochromatic radiation.  
CARS: Coherent anti-Stokes Raman scattering spectroscopy (CARS), is a spectroscopy 
technique sensitive to the same vibrational signatures of molecules as seen in Raman 
spectroscopy, typically the nuclear vibrations of chemical bonds. Unlike Raman 
spectroscopy, CARS employs multiple photons to address the molecular vibrations, and 
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produces a signal in which the emitted waves are coherent with one another. As a result, 
CARS is orders of magnitude stronger than spontaneous Raman emission. CARS is a 
third-order nonlinear optical process involving three laser beams: a pump beam of 
frequency ωp, a Stokes beam of frequency ωS and a probe beam at frequency ωpr. These 
beams interact with the sample and generate a coherent optical signal at the anti-Stokes 
frequency (ωp-ωS+ωpr). The latter is resonantly enhanced when the frequency difference 
between the pump and the Stokes beams (ωp-ωS) coincides with the frequency of a 
Raman resonance, which is the basis of the technique's intrinsic vibrational contrast 
mechanism 
Chemisorption: Metal-molecule interaction strongly alters the molecular electronic 
distribution owing to the formation of a chemical bond between molecule and the metal 
and consequently frequencies should be shifted. 
Dielectric: It is an electrical insulator that can be polarized by an applied electric field. 
When a dielectric is placed in an electric field, electric charges do not flow through the 
material, as in a conductor, but only slightly shift from their average equilibrium 
positions causing dielectric polarization. Because of dielectric polarization, positive 
charges are displaced toward the field and negative charges shift in the opposite direction 
creating an internal electric field that partly compensates the external field inside the 
dielectric. 
Dispersion: The variation of refractive index with frequency is called dispersion. 
Electric Polarization: It is defined to be the direction/pattern of alignment of 
molecules/charge particles like dipoles within the material when an external Electric 
Field is applied. 
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Electric Susceptibility: The strength of induced polarization P is proportional and parallel 
to the applied electric field E and is defined as P=ε0χeE where χe is the electric 
susceptibility of the medium.  
LUMO: HOMO and LUMO are acronyms for highest occupied molecular orbital and 
lowest unoccupied molecular orbital, respectively. The difference of the energies of the 
HOMO and LUMO, termed the band gap, can sometimes serve as a measure of the 
excitability of the molecule: the smaller the energy, the more easily it will be excited. 
Near-field: The near-field is defined as the extension outside a given material of the field 
existing inside the material. The amplitude of near-field decays very rapidly in the 
direction perpendicular to the interface, giving rise to evanescent wave character of the 
near field. 
Penetration depth: It is defined as the distance in the material at which the amplitude of 
the electromagnetic wave drops to e-1 or 37%. 
Permittivity: It is the measure of the amount of resistance encountered when forming an 
electric field in a vacuum. In other words, permittivity is a measure of how an electric 
field affects, and is affected by, a dielectric medium. Permittivity is determined by the 
ability of a material to polarize in response to the field, and thereby reduce the total 
electric field inside the material. Thus, permittivity relates to a material's ability to 
transmit an electric field. 
Photo-excitation: The production of an excited state by the absorption of light. 
Plasmon: The plasmon is a quasiparticle resulting from the quantization of plasma 
oscillations just as photons and phonons are quantization of light and heat, respectively. 
Thus, plasmons are collective oscillations of the free electron gas density, for example, at 
76 
 
optical frequencies. Plasmons can couple with a photon to create another quasiparticle 
called a plasma polariton. 
Polarization: Polarization is a property of certain types of waves that describes the 
orientation of their oscillations. By convention, the polarization of light is described by 
specifying the orientation of the wave's electric field at a point in space over one period 
of the oscillation. When light travels in free space, in most cases it propagates as a 
transverse wave-the polarization is perpendicular to the wave's direction of travel. In this 
case, the electric field may be oriented in a single direction (linear polarization), or it may 
rotate as the wave travels (circular or elliptical polarization). In the latter cases, the 
oscillations can rotate rightward or leftward in the direction of travel, and which of those 
two rotations is present in a wave is called the wave's chirality or handedness. 
Raman effect: The inelastic scattering of incident radiation or change of frequency of the 
incident radiation through matter is called Raman scattering and hence the name Raman 
effect. 
Rayleigh scattering: Unlike Raman this is the elastic scattering of incident radiation or no 
change of frequency of the incident radiation up on scattering through matter is Rayleigh 
scattering/effect. 
Refractive Index(ƞ): The Refractive Index of a medium is defined as the ratio of speed of 
light in vacuum to the speed of light in that material. 
Physisorption: Metal-molecule interaction due to weak molecular forces or Van der 
Waals forces and does not change the vibrational energy levels is Physisorption. 
Wavenumber: Inverse of wavelength. Units are cm-1. 
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